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Abstract 

We investigate the effect of the RF 2 correction on the holographic superconductor model in the 
background of AdS black hole. We find that, similar to the effect caused by the Weyl correction, the 
higher RF 2 correction term can make it easier for the scalar operator to condense and result in the 
larger deviations from the expected relation in the gap frequency. However, if a non-trivial hair for 
the black hole has been triggered, we observe that the RF 2 correction and the Weyl correction do 
play different roles in the behavior of the condensation, which can be used to support the existing 
findings. 
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I. INTRODUCTION 



The anti-de Sitter/conformal field theory (AdS/CFT) correspondence, which introduced by Maldacena in 
1998 l| , has provided a method to study the strong coupled field theories in a weakly coupled dual gravitational 
description 2j, |3|. In recent years, One of the significant achievements of this duality is that the gravitational 
physics has been connected with the condensed matter physics J] , which presents a tractable model governing 
superconductivity for non-standard dynamical mechanisms It is found that the properties of a (2 + 1)- 
dimensional superconductor can indeed be reproduced in the (3 + l)-dimensional holographic dual model in 
the background of AdS black hole, which requires a system that admits black holes with scalar hair at low 
temperature but no hair at high temperature 6]. Along this line, there have been accumulated interest to 
investigate various gravity models with the property of the so-called holographic superconductor, for reviews, 
see Ref. 7H9J and references therein. 

In most cases, the studies on the holographic superconductors focus on the Einstein-Maxwell theory. In order 
to understand the influences of the 1/N or 1/A (A is the 't Hooft coupling) corrections on the holographic dual 
models, there have been a lot of works studying the holographic superconductors with the higher derivative 



correction related to the gravity 



13 22]. Recently, an s-wave holographic dual 



1CH12{ and the gauge field 

model with Weyl corrections has been constructed in order to explore the effects beyond the large N limit on 
the holographic superconductor [231 ] . It is shown that, in strong contrast to the higher curvature corrections 



1CH12I]. the higher Weyl corrections make it easier for the condensation to form and change the expected 
relation in the gap frequency. Generalizing the investigation on the holographic superconductor model in 
the Stiickelberg mechanism, the authors of Ref. 24] found that different values of Weyl correction term 
and model parameters can determine the order of phase transitions and critical exponents of second-order 
phase transitions. More recently, there seems to have developed increasing interest in investigation of Weyl 



corrections on the holographic dual models 



25 



As a matter of fact, the form of the higher derivative corrections is not unique. In Ref. 
and Singh introduced another form of higher order corrections related to the gauge field 

£ RF 2 = aL 2 (R^ pX F^FP x - ±R^F^F v p + RF^F^), 



29J, Myers, Sachdev 



(1) 



where a is the RF 2 coupling parameter. They argued that this correction term arises from the Kaluza- 



Klein reduction of five dimensional Gauss-Bonnet gravity and can produce second-order equations of motion 
for both the gauge field and metric in any general background 29]. Cai and Pang studied the holographic 
properties of charged black holes with RF 2 corrections and observed that this correction will affect the DC 
conductivity 



30]. Considering this new form of higher derivative corrections, we wonder how the properties 
of the holographic superconductors will be modified. Thus, in this work we will construct the holographic 
superconductor models with RF 2 corrections. In order to extract the main physics and avoid the complex 
computation, we will use the probe approximation where the backreaction of matter fields on the metric can 
be neglected. By using the numerical shooting method 6j and the analytical Sturm-Liouville(S-L) method 
31 1 , we will obtain the relation between the RF 2 coupling parameter and the critical temperature as well as 



the condensation gap. Furthermore, we calculate the conductivity and discuss the effect of RF 2 corrections 
on the ratio uj g /T c in the gap frequency. 

The organization of this work is as follows. In Sec. II, we will present the holographic superconductor 
model with RF 2 corrections. In Sec. Ill, we will study the effect of RF 2 corrections on the condensation of 
the scalar operators. In Sec. IV, we will discuss the effect of RF 2 corrections on the conductivity. We will 
conclude in the last section of our main results. 

II. SUPERCONDUCTOR MODELS WITH RF 2 CORRECTIONS 

We will introduce the model of holographic superconductor in the d-dimensional Schwarzschild-AdS black 
hole background 

dr 2 

ds 2 = -f(r)dt 2 + -— + r 2 dxidx\ (2) 

fir) 



with 



/W = ^ 2 (l-^), (3) 



32J. We can 



where r + is the black hole horizon and we have chosen units such that the AdS radius is unity 
obtain the Hawking temperature 

id - l)r+ 

T= { -^, (4) 

which can be interpreted as the temperature of the CFT. 

In order to construct the model of holographic superconductor with RF 2 corrections in the probe limit, 
we consider a Maxwell field and a charged complex scalar field coupled in the background of a d-dimcnsional 



spacetime via the action 29, 30] 
S = I d d x 



-F^F^ + C RF 2 - |W - iAipf - m 2 |V| 2 



(5) 



where F^ u = d fl A u — d v A^ is the field strength tensor and m 2 is the mass square of the scalar field if). Taking 
the ansatz of the matter fields as ip — ?p(r) and A — (f>(r)dt, we can obtain the equations of motion for the 
scalar field ip and gauge field <f> 

-d-2 , r 



1 + 4a/ 



(d-2)(d-3) 



/ 



d-2 



1 + 4a 



<h 2 m 2 \ 

1^ = 0, 



/ 2 / 

(d-3) 



/' + / 



d-4 



2?/> 2 



= 0, 



(6) 
(7) 



where the prime denotes the derivative with respect to r. 

At the horizon r = r+, the regularity gives the boundary conditions 

/'(r+)^'(r+) 



Near the boundary r — >• oo, we get asymptotic behaviors 



(r+) = 0. 



r d— 3 



(8) 



(9) 



where A ± = | (d - 1) ± y/(d- l) 2 + 4m 2 



^ and p are interpreted the chemical potential and charge density 
in the dual field theory, respectively. The coefficients ip- and both multiply normalizable modes of the 
scalar field equations and they correspond to the vacuum expectation values ip- = (O-), ip+ = (0+) of 
operators dual to the scalar field according to the AdS/CFT correspondence. We can impose boundary 



conditions that either ip_ or ip + vanish 5 



6]. In the following discussion, we will set d=A for simplicity and 



the coupling parameter a is confined to the range —1/20 < a < 1/4 



29] 



III. THE CONDENSATION OF THE SCALAR OPERATORS 
A. The numerical method 

We will study the effects of the RF 2 coupling parameter a on the condensation of the scalar operators 
by using the numerical shooting method. For concreteness, we will set m 2 L 2 = —2 in the following discuss. 
Actually, the other choices of the mass of the scalar field will not essentially change our results. We present 
the numerical results for the critical temperature T c by solving the equations of motion (J6j) and (J7J in Table HI 

In Table HI we can observe that the critical temperature T c for the operators C_ and + goes up as the 
coupling parameter a increases, which indicates that the higher coupling parameter a make the condensation 
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TABLE I: The critical temperature T c obtained by the numerical calculation for the operators O- and O+ with 
different values of a for d = 4 and m 2 L 2 = —2. We have set p = 1 in the table. 



a 


-0.05 


-O.Of 





0.01 


0.05 


0.1 


0.2 


0.25 


T c (0-) 
T c {0+) 


0.2055 
0.1049 


0.2222 
0.1162 


0.2255 
0.1184 


0.2286 
0.1205 


0.2391 
0.1278 


0.2494 
0.1351 


0.2647 
0.1460 


0.2707 
0.1504 



easier to be formed. This behavior is reminiscent of that seen for the holographic superconductor model 
with Weyl corrections where the critical temperature of a superconductor increases as we amplify the Weyl 
coupling parameter 



23[. Thus, we conclude that the RF 2 corrections and the Weyl corrections share some 
similar features for the condensation of the scalar operators. 

In order to study the behavior of the condensation further, in Fig. Q] we present the condensates of the 
scalar operators C_ and 0+ as a function of temperature for the mass of the scalar field m 2 L 2 = — 2 in 
d = 4 dimension. From Fig. [TJ we can observe the curves in the right panel have similar behavior to 
the BCS theory for different a, where the condensate goes to a constant at zero temperature. However, 
the curves for the operator C_ will diverge at low temperature, which are similar to that for the standard 
Maxwell electrodynamics in the probe limit neglecting backreaction of the spacetime |f|. Thus, we find 
that the holographic superconductors still exist even we consider RF 2 correction terms to the usual Maxwell 
electrodynamics. 

From Fig. [1] we see the higher correction term a makes the condensation gap larger for both scalar operators 

n 

O- and 0+ , which is completely different from the effects of the Weyl corrections discussed in 23] . Consider 
that the RF 2 corrections and Weyl corrections are no longer equivalent when the background is at finite 
charge density, so our results may be natural and can be used to support the findings in Ref. 30 1 . 



<o_> 




FIG. 1: (color online) The condensates of the scalar operators O- and O+ as a function of temperature for the mass 
of the scalar field m 2 L 2 = -2 in d = 4 dimension by using the numerical method. The five lines from bottom to top 
correspond to increasing correction term, i.e., a = —0.05 (red), (blue), 0.1 (green), 0.2 (orange) and 0.25 (black), 
respectively. 
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B. The analytical method 

In order to confirm the numerical results in the preceding subsection, we will study the condensation 
behavior by the analytical S-L method. 

Introducing the variable z — — , we can rewrite the Eqs. (JBJ) and ([7]) as 

r 2 / ,2 



(10) 



i + 10 + — (2/ + z/ ) 4> - —prr^ = o, (ii) 



z 4 f 

where the prime now denotes derivative with respect to z. At the horizon z = 1, the regularity gives the 
boundary conditions 

V/(l) = ^(l), 0(1) =0. (12) 
Near the boundary (z — > 0), the solutions behave like 

^(*)«<0i>^, *, (13) 



with i = + or i = — . 

At the critical temperature T c , ip — 0, the Eq. (fTTj) reduces to 



l + ^V + ^(2/ + */W=0. (14) 



From the Eq. (flU) , we have 



Using Eq. (fT3|). we can get 



From above equation, we arrive at 



6'(0) = — = — ^— . (16) 



Cl = . (17) 

' +c 



Therefore, we have 



(18) 



where A = p/r 2 _ c and r +c is the radius of the horizon at T = T c . Integrating the above equation in the interval 



[1, z], we have 



(z) = Ar +C £(a, z) = Xr +C (l - z) 



1 + Trk< 1+ ^ 1+ = 2 > 



(19) 



As T — > T c , the equation of ip becomes 



,.. h! , 1 (\ 2 e m 2 \ 



(20) 



where we have defined a new function h{z) = f{z)/rl_. Near the boundary, we introduce a trial function F(z) 
which satisfies 



V 2r a 



(21) 



with the boundary condition F(Q) — 1 and F' (0) = 0. Thus, we can get the equation of motion for F(z) 



F" + + F' 

z a 



Introducing a new function 



A,(A t -l) | Ajh' | 1 / A 2 ^ 2 rn 2 
z 2 z h z 4 \ h 2 h 



M(z) = z 2A >~ 2 (z 3 - 1) 



F = 0. 



(22) 



(23) 



we can rewrite Eq. (|22j) as 

(MF'y 



Aj(Ai-l) Ajh' 1 X 2 ^ 2 m 2 , 
z 2 z h z 4 1 h 2 h ' 



MF = 0. 



(24) 



|23| 



Following the Sturm-Liouville eigenvlaue problem [33J , we deduce the expression which can be used to estimate 
the minimum eigenvalue of A 2 

^_JiM(F»-PF*)dz 



with 



P = 



WF 2 dz 



Ai(Ai-l) Aiti m 2 



(25) 



(26) 



We assume the trial function to be F(z) = 1 — az 2 , where a is a constant. 

With Eq. (|25p . we can get the value of T c for different a. For example, we consider the C_ and m 2 L 2 = —2, 
T c = 0.225^/p and a = 0.2389 for a = 0, T c = 0.2279^ and a = 0.2375 for a = 0.01, T c = 0.2362^/p and 
a = 0.2332 for a = 0.05. In Table [TTI we list the results of the critical temperature T c for different a by using 
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TABLE II: The critical temperature T c obtained by the analytical S-L method for the operators O- and O+ with 
different values of a for d = 4 and m 2 L 2 — —2. We have set p = 1 in the table. 



a 


-0.05 


-0.02 


-0.01 





0.01 


0.02 


0.05 


0.1 


T c (0-) 
T c {0+) 


0.1969 
0.1000 


0.2172 
0.1115 


0.2214 
0.1146 


0.2250 
0.1170 


0.2279 
0.1191 


0.2304 
0.1209 


0.2362 
0.1249 


0.2423 
0.1291 



the S-L method. Comparing with numerical results given in Table HI we find that the analytic results derived 
from S-L method agree well with the numerical calculation. 

Now we are in a position to investigate the critical phenomena and obtain the critical exponent of the 
system. Away from (but close to) the critical temperature, using the Eq. (f2"Tj) and h(z) = f(z)/r\, we can 
rewrite the Eq. (fl"Tj) as 

(O-) 2 Z 2A '- 4 F 2 

(1 + 8az 2 h)(f>" + 8az{2h + zh')<t>' = r 0- (27) 

r + * h 

Consider that the condensation of the scalar operator Oi is so small when T — > T c , we can expand (^(z) as 

*>=Af + ™r*M. (2S) 

r+ r + 



Thus, we can get the equation of motion for \ near the critical temperature 



X "-24az 2 X ' = \ Z \l (29) 



with x(l) = and x'(l) = 0. Defining a function 

V = e- 8az \ (30) 

we have 

(Vx'Y = Xe- 8az * - (31) 
v ; h(l + 8az 2 h) v ' 

Integrating above equation from z = to z = 1, we have 



X'(0) = -AQ = -A / e- Saz * , .\. dz. (32) 



We expand (f>{z) near z = 



-^ = ii-^=A£+ - AC + ^ [x(0) + zx'(0) + • (33) 



From the coefficients of the z term, we can get 



r + r + \ r + J 



When T — > T c , we can express (Cj) as 



'av^tt r t 



(35) 



which shows that the phase transition belongs to the second order and the critical exponent of the system 
takes the mean-field value 1/2. The RF 2 corrections will not influence the result, which agrees well with the 
numerical finding shown in Fig. [TJ 

Using the analytical method, we plot the condensates of the scalar operators 0_ and C + as a function of 
temperature for the mass of the scalar field m 2 L 2 = —2 with d = 4 dimension in Fig. [5] From this figure, we 
can find that the gap of the condensation goes up with the increase of a for both scalar operators C_ and 
0+, which is also good agreement with the numerical results obtained in Fig. [1] 
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FIG. 2: (color online) The condensates of the scalar operators O- and O+ as a function of temperature for the mass 
of the scalar field m 2 L 2 = -2 in d = 4 dimension by using the analytical method. The three lines from bottom to top 
correspond to increasing correction term, i.e., a — —0.02 (red), (blue), 0.02 (black), respectively. 



IV. CONDUCTIVITY 



In this section, we will calculate the effect of the RF 2 coupling parameter a on the conductivity a . In 
order to study the conductivity, we introduce the perturbed Maxwell field 8A X — A x (r)e~ lut dx and get the 
equation of motion for 5A X 



■ \ 



d - 4 f 

+ ^-+4a(d-3) 

r J 



2(d-4) . , d-5 /" 



"/ + -72-/ + V 



l + 4a(d-3) 



d-4 /' 



l + 4a(d-3) 



A x = 0, 



(36) 



which can be used to calculate the conductivity. We also focus on the d = 4 for simplicity. The ingoing 
wave boundary condition near the horizon is the same to the case of the standard holographic superconductor 



10 



models [5j,l6( 

and at the asymptotic AdS boundary r — > oo, the solutions reduce to 

AO-) 



A (o) 



We can get the conductivity of the dual superconductor 



(37) 



(38) 



In the following discussion, we also fix the scalar mass m 2 L 2 
coupling parameter a by using the shooting method. 



(39) 



-2 and calculate the conductivity for different 




FIG. 3: (color online) Conductivity of (2+ l)-dimensional superconductors with the RF 2 corrections for the fixed mass 
of the scalar field m 2 L 2 = —2 and different correction terms, i.e., a — —0.05, 0, 0.05, 0.1, 0.2 and 0.25. 



In Fig. |3] we plot the frequency dependent conductivity obtained by solving the Maxwell equation (|36|) 
numerically for a = -0.05, 0, 0.05, 0.1, 0.2 and 0.25 at temperatures T/T c w 0.2. The blue (solid) line 
and red (dashed) line represent the real part and imaginary part of the conductivity a{uj) respectively. For 
the same mass of the scalar field, we find that with the increase of the RF 2 coupling parameter a, the gap 
frequency u> g becomes smaller. As the RF 2 coupling parameter increases the value of w g /T c decreases, which 
is similar to the Weyl corrections. Meanwhile, for increasing RF 2 correction term, we have larger deviations 
from the value co g /T c ps 8, which shows that the high RF 2 corrections really change the expected universal 



relation in the gap frequency 



32] , which is similar to the effect of the Weyl corrections 



23\. 
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V. CONCLUSIONS 

We have introduced the holographic superconductors with RF 2 corrections in the probe limit in order to 
understand the influences of the 1/N or 1/A corrections on the holographic dual model in the AdS black 
hole background. Similar to the Weyl correction, we found that with the increase of the RF 2 correction the 
critical temperature becomes larger, which shows that the higher correction term can make the condensation 
easier to form. However, we observed that the condensation gap becomes larger as the RF 2 correction term 
increases, which is in contrast to the effect of Weyl correction. We confirmed our numerical result by using 
the Sturm-Liouville analytic method and concluded that the RF 2 correction and the Weyl correction do play 
different roles if a non-trivial hair for the black hole has been triggered. Our results may be natural and can 
be used to support the findings in Ref. [30J since the RF 2 corrections and Weyl corrections are no longer 
equivalent when the background is at finite charge density. We also investigated the conductivity and found 
that the higher RF 2 correction term will result in the larger deviations from the universal value io g /T c sa 8 
for the gap frequency, which is similar to the effect of the Weyl correction 23 1 . 

Note added While we were completing this paper, a complementary paper of O. Sert and M. Adak 

34j | on non-minimal i?-F 2 -type corrections to holographic superconductor appeared in arXiv. 
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